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Introduction
Carbon is continuously cycled among oceans, atmosphere, ecosystems, and geosphere (Holland, 1978; Berner, 2003; Kump et al., 2009) . Considering the time scale of the phenomena, longer or shorter than one million years, it is possible to distinguish the "short-term" carbon cycle and the "long-term" carbon cycle. In the "short-term" carbon cycle, carbon is exchanged mainly within the superficial systems (atmosphere, oceans, biota, soil, and anthropogenic CO 2 production). Over the "long-term", carbon is involved in slow exchanges between the solid Earth and the ocean-atmosphere system, and the concentration of atmospheric carbon dioxide derives primarily from the balance between CO 2 uptake by chemical weathering and CO 2 release by magmatismmetamorphism (Berner et al., 1983; Berner, 1991 Berner, , 1994 Berner and Kothavala, 2001; Berner, 2004 Berner, , 2006 Gislason and Oelkers, 2011; Li and Elderfield, 2013) .
Chemical weathering is a key process for understanding the global carbon cycle, both on long and short-terms (Brady, 1991; Kump et al., 2000; White, 2003; Kump et al., 2009; Tipper et al., 2006) , and chemical weathering rates are complex functions of many factors including dissolution kinetics of minerals (Brantley, 2003) , mechanical erosion (Pinet and Souriau, 1988) , lithology (Basu, 1981; Amiotte-Suchet and Probst, 1993a; Amiotte-Suchet and Probst, 1993b; Bluth and Kump, 1994) , tectonics (Hren et al., 2007; Dixon et al., 2012; Li et al., 2009) , biota (Knoll and James, 1987; Schwartzman and Volk, 1989; Drever, 1994; Berner et al., 2003) , climate (Fournier, 1960; Walker et al., 1981; Bluth and Kump, 1994) , hydrology (Tardy, 1986; Berner and Berner, 1987; Amiotte-Suchet and Probst, 1993b; Velbel, 1993) , and various human activities (Flintrop et al., 1996; Yang et al., 1996) .
Solutes produced by chemical weathering on the continents are carried to the oceans by rivers. Therefore, the composition of river water is a good indicator of chemical weathering processes (Mackenzie and Garrels, 1966; Garrels and Mackenzie, 1971; Meybeck, 1987; Tardy, 1986; Probst, 1992; Gaillardet et al., 1999; Viers et al., 2007; Berner and Berner, 2012) , and the flux of solutes is an indirect measure of the transfer of carbon from the atmosphere to the terrestrial rocks. In fact, given that carbonate and silicate weathering needs atmospheric and soil CO 2 to occur, the evaluation of the weathering rates, that is the knowledge of the dissolved loads transported from the continents to the oceans, allows for an indirect estimation of the atmospheric CO 2 consumed by weathering. Under this perspective, the study of the elemental fluxes due to present day chemical weathering is necessary to understand the past and to make reliable models about the future trends of the global carbon cycle (Brady, 1991; Millot et al., 2002; Beaulieu et al., 2012) .
The study of chemical weathering is based on two complementary approaches, namely (i) small scale studies of river basins characterized by a single lithology (Amiotte-Suchet and Probst, 1993b; Bluth and Kump, 1994; White and Blum, 1995; Gislason et al., 1996; Louvat and Allègre, 1997) , and (ii) global scale studies based on data from large rivers (Berner et al., 1983; Meybeck, 1987 Meybeck, , 2003 Probst et al., 1994; Amiotte-Suchet, 1995; Amiotte-Suchet and Probst, 1995; Boeglin and Probst, 1998; Gaillardet et al., 1999; Mortatti and Probst, 2003) . Small scale studies can give detailed data on the weathering rates of a specific rock type under a given climate, while large scale studies can provide global data, integrating the contributions of large portions of continental crust and different climatic regions. Gaillardet et al. (1999) , using an inverse modelling approach based on the river water chemistry and Sr isotopic composition, calculated the weathering rates and the fluxes of CO 2 consumed by rock weathering for the basins of the 60 largest rivers of the world, computing a world average CO 2 consumption due to chemical weathering of 246 mol km − 2 y − 1 . Three of the rivers considered in Gaillardet et al.
(1999) drain the Alpine chain (i.e., Rhine, Rhone, and Po) and are characterized by CO 2 consumption rates two to five times higher than the world average. Considering the variability of rocks and soils that characterizes the region, the Alpine chain can be considered a model location to study the present-day atmospheric CO 2 consumption over a large region. In this work, we present a detailed study of the dissolved loads transported by the 32 main Alpine rivers, in order to (i) estimate the present-day weathering rates and the related atmospheric and soil CO 2 consumption for the entire Alpine region, (ii) compare our results with the data of earlier works, (iii) evaluate the relative importance of carbonate and silicate weathering both on short and long-term global carbon cycle, and (iv) determine the main environmental and geological parameters controlling the weathering rates and the CO 2 consumption in the Alps.
Starting from the chemical composition of river waters, the amount of CO 2 consumed by rock weathering has been modelled using a multidisciplinary approach based on the MEGA geochemical code (Major Element Geochemical Approach -Amiotte-Suchet, 1995; Amiotte-Suchet and Probst, 1995, 1996) , a GIS based hydrologic and geologic study, and an isotopic study.
Study area
The Alps (south-Central Europe) are a collisional belt generated by the convergence of the African and European plates and the consequent closure of the ocean basin located in the Mediterranean region during Cretaceous to present (Trümphy, 1960; Frisch, 1979; Tricart, 1984; Haas et al., 1995; Stampfly et al., 2001; Dal Piaz et al., 2003) .
The Alps are characterized by an arc shape and extend, west to east, from the Gulf of Genova to Wien (Fig. 1) . South of Genova, the Alpine range disappears, as it was fragmented during the Late Neogene by the opening of the Tyrrenian basin. Here the Alps are partially continuous to the Apennine chain. To the east, the former connection between the Alpine and Carpathian belts is buried below the Neogene fill of the Wien and Styria (Pannonian) basin. North of Alps is located the Molasse Basin (a Cenozoic foredeep basin) that extends from France to the eastern border of Austria. Other major Cenozoic basins are the Rhône Graben to the west, and the Po Plain to the south.
According to the direction of tectonic transport, the Alps (Fig. 1 ) may be subdivided into two belts of different size, age, and geological characteristics (Dal Piaz et al., 2003) : (1) the Europe-vergent belt, a thick collisional wedge of Cretaceous-Neogene age, consisting of continental and minor oceanic units radially displaced towards the Molasse foredeep and the European foreland, (2) the Southern Alps, a shallower (nonmetamorphic) and younger (Neogene) thrust-and-fold belt displaced to the south (Adria-vergent), which developed within the Alpine hinterland of the Adriatic upper plate, far from the oceanic suture. The Periadriatic Line, a major fault system of Oligocene-Neogene age, separates these belts. The various segments of the Periadriatic Line take various names, from west to east, the Canavese, Insubric, Giudicarie, Pusteral and Gaital lines (Dal Piaz et al., 2003; Schmid et al., 2004) .
From a hydrological point of view, the Alps contribute significantly to the total discharge of the major European rivers, most of which have their headwaters in the Alps and transport the Alpine waters to lower-lying areas. The Alps are crucial for water accumulation and water supply, and therefore they are often referred to as a natural "water towers" (Viviroli and Weingartner, 2004) .
Water resources in the Alps are stored in glaciers (in the Alps, around 5150 glaciers presently cover about 2909 km 2 , approximately 1.5% of the total area of the Alps), lakes, groundwater reservoirs, and soils. The Alps represent an enormous natural water reservoir since precipitation in winter is retained as snow and ice. Considerable quantities of water can be accumulated and released through the summer melting of glaciers and snow, thus providing water during the dry season when precipitation and runoff are often least in the lowlands, and demands are highest. Particularly, this becomes effective in the dry months of late summer, when the Alps play a distinct supportive role with regard to overall discharge. This natural storage mechanism benefits many river systems in Europe, including the four major alpine rivers, the Rhine, the Danube, the Po, and the Rhône.
A comparison between the proportion of discharge that can be expected on the basis of the catchment size and the actual discharge measured demonstrates the hydrological significance of the Alps that, with a mean contribution ranging from 26% (Danube) to 53% (Po) of the total discharge, supply up to 2-6 times more water than might be expected on the basis of the catchment size (Weingartner et al., 2007) .
Generally the Alpine rivers have a maximum flow rate in July, and a minimum rate in January. This is because the runoff of Alpine catchments is influenced by glacier melt, snow accumulation, and snowmelt (Gurtz et al., 1999; Verbunt et al., 2003) .
Materials and methods

Theoretical background
The dissolved load of streams originates from atmospheric input, pollution, evaporite dissolution, and weathering of carbonate and silicate rocks. The application of mass balance calculations allows for the quantification of the different contributions (Bricker and Jones, 2003) . The quantification of the carbonate and silicate components of dissolved load is essential for the evaluation of the atmospheric/soil CO 2 consumed by rock weathering. In fact, the weathering reactions of silicate mineral hydrolysis and dissolution of carbonates consume atmospheric/soil carbon dioxide and produce an increase of alkalinity of the solutions (Mortatti and Probst, 2003) , as shown by the following reactions:
albite into kaolininite,
K-feldspar into montmorillonite,
Ca-plagioclase into kaolinite,
olivine weathering,
calcite dissolution,
dolomite dissolution,
For each process, the moles of atmospheric/soil CO 2 consumed by the weathering of one mole of mineral can be computed from the stoichiometry of the reactions.
Not all the consumed CO 2 is permanently removed from the atmosphere because part of the carbon is returned to the atmosphere through several processes. On time scales longer than 1 Ma, the CO 2 consumed by weathering of carbonates in the continents is returned completely to the atmosphere when carbonate minerals precipitate in the ocean (reverse of reactions (5) and (6)). Half of the CO 2 consumed during weathering of Ca and Mg silicates (reactions (3) and (4)) is precipitated as CaCO 3 after transportation of Ca ++ and HCO 3 − in the ocean, and half is released back into the atmosphere as CO 2 (reverse of reactions (5) and (6)). Finally, the role of Na and K silicates poses some uncertainty. In fact even if their weathering reactions consume CO 2 (reactions (1) and (2)), once the Na + and K + ions transported by rivers reach the ocean, they may undergo reverse weathering to form authigenic clays and CO 2 (Huh, 2010) . As a result, on the long-term (more than 1 Ma), only weathering of Ca and Mg silicate minerals is a net sink for atmospheric/soil CO 2 (Huh, 2010; Berner et al., 1983) , while on shorter time-scales also the alteration of Na and K silicates and the dissolution of Ca and Mg carbonates act as temporary sinks for atmospheric/soil CO 2 .
For these reasons, we considered two different mass balance equations. On time-scales shorter than 1 million year (short-term carbon cycle), the total atmospheric/soil CO 2 flux (F CO2-short ) consumed by rock weathering on a river basin can be calculated by the following equation:
for time-scales longer than 1 million years (long-term carbon cycle), considering the return of CO 2 to the atmosphere related to carbonate precipitation and reverse weathering, the net flux of CO 2 (F CO2-long ) is given by:
where F X is the flux of a generic chemical species X, given by its molal concentration multiplied by the river flow rate, and the suffixes sil and carb indicate if the considered chemical species derives from silicate or carbonate weathering (for example F Mg-sil means flux of Mg deriving from silicate weathering). The factor 1 for F Na-sil , F K-sil , F Mg-carb , F Ca-carb in Eq. (7) and F Mg-sil F Ca-sil in Eq. (8) or 2 for F Mg-sil F Ca-sil in Eq. (7) derive from the stoichiometric coefficients of the considered weathering reactions (Eqs. (1)- (6)). Eqs. (7) and (8) are applicable if the following assumptions are valid: (i) carbonic acid is the only source of protons in the weathering reactions (the contribution of other acids like HNO 3 , H 2 SO 4 is negligible); (ii) the main chemical reactions occurring in the river basins are congruent dissolution of calcite, dolomite and olivine and incongruent dissolution of albite and K-feldspar into kaolinite and of anorthite into montmorillonite; and (iii) pyrite dissolution, producing acidic waters, is negligible.
Further assumptions were considered for the calculation of F CO2-long . These assumptions imply that the value computed with Eq. (8) is just a rough (probably minimum) estimation of the CO 2 permanently removed from the atmosphere. The assumption that all the CO 2 consumed by carbonate dissolution is completely returned to the atmosphere in 1 Ma is widely accepted, and is coherent with the residence time of Ca in the ocean system (1 Ma). In fact, a small part of Ca ++ from rivers is not removed by carbonate precipitation but is precipitated as anhydrite or gypsum without any CO 2 production (Mackenzie and Garrels, 1966; Emerson and Hedges, 2008) , but presently this amount is very small compared to carbonate production, except for very peculiar environments. Larger uncertainties pertain to the role of reverse weathering. This process, by which new clays are formed by chemical combination of elemental material from oceans and marine sediments (Mackenzie and Kump, 1995) , has been hypothesised on a thermodynamic basis to explain the apparent imbalance between weathering and marine CaCO 3 precipitation in the oceans (Mackenzie and Garrels, 1966; Sillen, 1967) , but has little experimental evidence (Emerson and Hedges, 2008) . According to Holland (1978) , only a small fraction (10-20%) of the clay minerals delivered to the oceans by rivers undergo authigenesis, but recent field and experimental studies Aller, 1995, 2004) have shown that rapid formation of authigenic clay minerals is plausible under certain conditions, and the role of reverse weathering has been revaluated (Li and Elderfield, 2013; Misra and Froelich, 2012) . Further sources of uncertainty, could be the role of sulphide oxidation in carbonate dissolution (Torres et al., 2014) and hydrothermal alteration reactions in the ocean.
Estimation of the CO 2 flux consumed by weathering
For the estimation of the CO 2 flux consumed by weathering in the Alps, we first defined the drainage basins of the main Alpine rivers (Fig. 2) and their hydrologic, geographic, and geologic features (precipitations, mean elevation, drainage basin area, and surface area of the main rock types cropping out in the basin) using a GIS based approach. Next, the selected rivers were sampled near the basin outlets during dry and flood seasons. Then, we applied a revised version of the MEGA (Major Element Geochemical Approach) geochemical code (Amiotte-Suchet, 1995; Amiotte-Suchet and Probst, 1996) to the chemical compositions of the selected rivers in order to discriminate the different components of dissolved load, and to quantify the atmospheric CO 2 consumed by weathering in the Alpine region. The approach was successfully applied to the Congo, Amazon, and Niger River basins (Probst et al., 1994; Boeglin and Probst, 1998; Mortatti and Probst, 2003) .
The complete calculation procedure consists of several steps: First, subtraction of the rain contribution to the river waters composition knowing the X/Cl molal ratios of rainwater in the study area (X = Na, K, Mg, Ca). In this study we applied a further correction subtracting the anthropogenic contribution when it was present. The correction for the anthropogenic contribution is based on the consideration that an excess of Cl with respect to the Na/Cl molal ratio of local meteoric water that generally ranges between 1.0 and 1.1 (Rogora et al., 2006) , probably derive from an anthropogenic input. For the few water samples with Cl N Na (Na/Cl b 1.0), the amount of Cl, and consequently all the X/Cl ratios, were corrected assuming Cl = Na.
Second, computation of the dissolved load deriving from silicates dissolution assuming that all Na and K, after the rain correction, derive from silicate weathering. This assumption is acceptable for the purposes of the study since the rain correction implicitly consider also the possible contribution from halite dissolution, a process which leads to a Na/Cl molal ratio in water of 1, just like rainwater.
The amount of Ca and Mg deriving from silicate weathering is computed considering a specific molar ratio, R sil = (Na + K)/(Ca + Mg), for each river basin. The average (Na + K)/(Ca + Mg) molal ratio of each basin (R sil-mean ) was computed as the weighted average of the R sil values of the various lithologies cropping out in the basin, considering the surface area and the mean precipitation on the surface area of each lithology,
where, R sil-litho-n is the (Na + K)/(Ca + Mg) ratio of waters interacting with lithology n, S litho-n is the surface area covered by the lithology n and P litho-n is the mean value of precipitation over the outcrops of lithology n. For the computation of R sil-mean we built a simplified GIS-based geo-lithological map of the Alps (Fig. 3) , giving a specific value of R sil to each lithology according to the literature values estimated from unpolluted French stream waters draining small mono-lithological basins (Meybeck, 1986) . Then, we prepared a GIS-based map of the average precipitation on the Alps (Fig. 4a ), we established a correlation between terrain elevation and precipitation, and finally we obtained the values of S litho-n and P litho-n overlapping the geo-lithological map and the digital elevation model.
Third, estimation of the Ca and Mg amounts originating from carbonate weathering as the remaining cations after the silicate correction:
For samples showing a clear input of Ca due to gypsum or anhydrite dissolution, we applied a further correction subtracting to (Ca + Mg) carb the moles of Ca deriving from sulphate minerals, that is the excess of SO 4 with respect to the SO 4 /Cl molal ratio of local meteoric water.
Forth, multiplication of the molal concentrations of the various components of dissolved load by the river flow rate, and division by the catchment area in order to obtain the elemental flux values (F X ) in mol km
Fifth, computation of the weathering flux, and of the atmospheric/ soil CO 2 flux (F CO2 ) consumed by the rock weathering on short and long-terms using Eqs. (7) and (8).
The procedure was repeated for the spring and the winter seasons. For the application of the mass balance and for the computation of runoff the following parameters were requested: (i) the daily discharge of each river in the place and at the time of sampling, an information required to transform concentrations to fluxes. These data have been obtained from different sources, including Italian local authorities and Environmental Agencies (ARPA), the Hydrographical Office of Austria, the Federal Office for the Environment in Switzerland, the Environmental Agency of Bavaria, the Meteorological and Hydrological Service of Croatia, and the Ministère de l'Ecologie et du Développement Durable of France. For most catchments, the data were available as flow rates (m 3 s −1
), but for some catchments only stage measurements at gauging stations were available. These measurements were converted to discharge estimates using specific rating curves; (ii) the area of each catchment, computable from the available DEM data; (iii) the proportions of the lithological types in each catchment, computable from the available geo-lithological maps of Fig. 3 , (iv) the mean precipitation for each basin, computable using an empirical relationship linking terrain elevation to precipitation.
Details on the procedures for the estimation of catchment areas, proportions of lithological types and precipitations are given in Sections 3.3, 3.5 and 3.6 respectively.
Drainage basins, sampling sites and sampling campaigns
The main Alpine drainage basins were defined from the highresolution Digital Elevation Model ASTER GDEM (Tachikawa et al., 2011) . For each basin, the surface area and the average elevation were computed using GRASS (Neteler and Mitasova, 2008) and QGIS (Quantum GIS Development Team, 2012) . After the definition of the drainage basins, we located the sampling stations near the outlet of each basin (Fig. 2 , Table 1 ) and as close as possible to the stations for the measurement of streamflow in order to know the discharge of the river at the time and place of sampling.
The rivers of the study area show average discharge values at the sampling stations ranging from about 100 m (Rhine at Basel). The highest flows occur during spring and summer and the month with the highest flow ranges between June, for hydrological regimes dominated by snow melting, to April, for snowmelt-rainfall mixed regimes (Bard et al., 2015) . In particular the rivers of the northern side of the Alpine Chain are dominated by snow-melting and show a maximum discharge in May-June and a minimum in December-February, while the rivers of Southern Alps, affected by precipitation of Mediterranean origin, are generally characterised by a mixed snowmelt-rainfall regime and show a period of maximum discharge in April-May, a minimum in September, a further maximum in November and a minimum in January-February.
In order to sample the river waters during the periods of maximum and minimum discharge, we planned two sampling campaigns. In the first sampling campaign we considered 29 river basins with a maximum area of 36,739 km 2 (Rhine basin), a minimum area of 663 km 2 (Roia basin), and an average catchment area of 6822 km 2 .
We collected 33 samples, one sample for each basin, and two samples for the Mincio, Adige, Mella and Oglio basins. Three of these samples (01, 04, and 05) were collected upstream of the outlet of the basin (for the Adige, Mella and Oglio basins), whereas for the Mincio basin the two samples were collected at the basin outlet (that coincides with the Garda Lake).
Considering that the Rhine basin is very large when compared to the other Alpine basins and presents a large variability of geologic and climatic conditions, for the second sampling campaign the Rhine basin was further divided into five smaller sub-basins (Linth: 1814 ). The sum of the areas of the five Rhine sub-basins exactly coincides with the area of the Rhine basin considered in the first campaign. As a result, we obtained 33 basins with an average area of 5933 km 2 . During the second campaign we collected 33 samples of river waters, one sample for each drainage basin.
Sampling and analytical methods
For each sample, temperature, electrical conductivity, pH, Eh, silica, total iron, and alkalinity were measured in the field. Silica and total iron were determined using a colorimetric kit, and alkalinity was determined by acid titration with HCl 0.1 N using methyl orange as indicator. Water samples for chemical analyses were filtered with 0.45 μm filters, and collected in two polyethylene bottles, the first with a volume of 100 mL and the second with a volume of 50 mL. The 50 mL aliquot was acidified immediately with 0.5 mL of concentrated suprapure HCl in order to stabilize the sample, preventing algal growth and carbonate precipitation. A raw sample for the determination of the isotopic composition of water (δD, δ 18 O) was collected in the 100 mL polyethylene bottle, and a further aliquot of 250 mL, acidified with 2.5 mL of HNO 3 and stored in a polyethylene bottle previously treated following the indications of Nisi et al. (2008) Tables 2 and 3 .
GIS-based geo-lithological map of Alps
Exploiting published maps in digital formats, we assembled a GIS-based, high resolution (1:1,000,000), geo-lithological map using GRASS (Neteler and Mitasova, 2008) and QGIS (Quantum GIS Development Team, 2012) . The data were taken from (i) the Geological Map of Italy at 1:1,000,000 scale (http://www.isprambiente.gov.it), (ii) the Geological Map of Switzerland at 1:500,000 scale (http://www. swisstopo.admin.ch), (iii) the Geological Map of France at 1:1,000,000 scale, (iv) the Geological Map of Slovenia at 1:250,000 scale, obtained from the European Geological Metadata Catalogue (http://one.geology. cz/), (v) the Geological Map of Germany at 1:1,000,000 scale (BGR, 2011), (vi) the Geological Map of Austria at 1:2,000,000 scale (Egger et al., 1999) , (vi) the Tectonic Map of the Alps (Schmid et al., 2004) at 1:500,000 scale, and (vii) the Geological Map of the Alps (Garzanti et al., 2010) .
As highlighted by Amiotte-Suchet et al. (2003), one of the most important points for the study of the fluxes of matter from rock and soils to rivers and oceans is the presence of carbonate minerals. For this reason, in our map we first divided the carbonate rocks from the silicate rocks. The carbonate rocks were further subdivided in: (1) pure carbonate rocks (dolostone, limestone) and (2) mixed carbonate rocks (marls and other rocks with b50% of carbonate). Silicate rocks, according to Meybeck (1987) , were subdivided in: (3) acid igneous rocks, (4) mafic rocks, (5) clay and claystones, and (6) sand and sandstones. The remaining formations were subdivided in (7) generic metamorphic rocks, (8) debris, (9) mud, and (10) peat. The subdivision between "acid rocks" and "mafic rocks" was done according to the QAPF (IUGS, 1973) and TAS (Le Bas et al., 1986) diagrams.
Since for the application of Eq. (9) it is necessary to know the chemical composition of the outcropping rocks, we classified metamorphic rocks according to the chemistry of protolytes (for example, a metaquartzite was considered a sandstone, and a marble a pure carbonate rock). Where data on protolytes were unavailable or unclear, we attributed the metamorphic lithologies to the generic class (7).
The results (Table 4) show that the most abundant rock types are "carbonate rocks", covering 48.13% of the study area (27.69% of pure carbonate rocks, and 20.44% of mixed carbonate rocks) followed by "sand and sandstones" (20.34%), and acid igneous rocks (14.25%).
In the geo-lithological map (Fig. 3) the areas characterized by carbonate rocks encompass the Jura Mountains located in the northwestern Alps, predominantly between France and Switzerland, the Northern Calcareous Alps located north of the Periadriatic Line in Austria and south-eastern Germany and the south-eastern Calcareous Alps located in Italy, Slovenia and partly in Austria.
Mixed carbonate rocks are mainly present in the Molasse Basin, a Cenozoic foredeep basin that extends from France to the eastern border of Austria, with repeated alternations of shallow marine and freshwater deposits (Dal Piaz et al., 2003) .
Silicate rocks crop out mainly in the inner core of the Alps where the main crystalline complexes are located, including the Argentera Massif, the Mont Blanc, the Gran Paradiso, the Sesia zone, the Lepontine Alps, the Saint Gotthard, the Oztal complex, and the Australpine Crystalline complexes.
It is interesting to compare the distribution of the rock types in the study area with the world average lithologies. Recently, a new highresolution global lithological map (GLiM) was assembled from existing regional geological maps (Hartmann and Moosdorf, 2012) . According to the GLiM, the continents are covered by 64% sediments (a third of which are carbonates), 13% metamorphics, 7% plutonics, 6% volcanics, and 10% is water or ice. If we exclude from the computation the 10% of the continents that are covered by water and ice, it results that about 71% of the outcropping rocks belong to sedimentary formations (24% carbonates and 47% sand and sandstones, clay or mixed sedimentary formations) and about 29% are igneous or metamorphic rocks. This data basically confirm the previous estimations of Amiotte-Suchet et al. (2003) and indicate that the lithology of the Alpine area roughly approximates the world lithological distribution with a slight overestimation of sedimentary rocks, and a small underestimation of igneous and metamorphic rocks (Table 4) .
Distribution of precipitations in the Alpine region
To use Eq. (9), information on the precipitation for each rock type in each basin is required. We obtained this information by interpolating 1961-1990 average monthly precipitation measurements (Mitchell and Jones, 2005) .
Visual inspection of the mean annual precipitation map for the Alps (Fig. 4a ) reveals an arc-shaped zone corresponding to the Alpine chain, characterized by high values of precipitation, with the highest precipitation values in the eastern sector of Italian Alps (Friuli-Venezia Giulia) and in central Alps. The obtained mean annual precipitation map was overlapped to the ASTER GDEM (Tachikawa et al., 2011) and then for each cell of the mean annual precipitation map we estimated the mean elevation form the digital elevation model. The linear correlation between precipitation (mm y −1
) and terrain elevation (m) was estimated using a robust fitting approach. 17 of 176 points were excluded and considered outlier, because their residual from a linear fitting model were outside the 5th and 95th percentile range. From the linear fitting of the final subset of 159 values we obtained the following equation:
with a coefficient of determination R 2 = 0.733 (Fig. 4b) . Table 5 shows for the linear coefficients the estimated values, the associated standard error (Std. Error), the t value and the p values (R Core   Table 4 Relative abundance of outcropping rocks in the drainage area of the 32 river basins considered in this work, according to the geo-lithological map of the Alps of Fig. 3 Team , 2015) . As shown by the p values in the table, both the coefficient estimated are significant.
Results
Chemical and isotopic composition of river waters
In the diagram δ
18
O vs δD, the samples of the Alpine rivers (Fig. 5 ) are close to the global meteoric water line (Craig, 1961) , show a marked altitude effect and don't show any evident isotopic shift due to evaporation (in the studied rivers runoff prevail over evaporation). Furthermore there is no evident mixing trend with deep thermal water (in the Alps many thermal springs are present but their contribution to total river discharge is negligible).All the samples are below the meteoric water line of the Mediterranean area (IAEA, 1981; Longinelli and Selmo, 2003) , indicating that the largest part of precipitations in the Alps derive from weather fronts originating in the Atlantic ocean or in the Eurasian continent.
The investigated waters were in the range 2.1°C-21.8°C, had pH values from 7.64 to 9.10, and exhibited positive Eh values (N 100 mV). Total dissolved solids (TDS) varied between 96 and 551 mg/L and, on average, were slightly higher for samples taken in the winter campaign (mean of spring campaign TDS = 253 ± 89 mg/L; mean of winter campaign TDS = 283 ± 101 mg/L). This variation is probably related to the dilution effect related to snow melting during the spring and the relative higher contribution of groundwater during winter.
The Langelier-Ludwig diagram (Fig. 6) shows that most of the waters are characterized by a bicarbonate earth-alkaline composition. Some samples show a clear trend towards a sulphate composition, and other samples a slight enrichment in alkaline metals. The prevalent bicarbonate earth-alkaline composition is due to the dissolution of carbonates that are present in all the considered catchments. The sulphate enrichment that characterizes the rivers from SE France, Roia, Var, Isere and Durance (Olivier et al., 2009 ) and the Tagliamento River in the SE Italian Alps (Stefanini, 1976) , is likely to depend primarily on the interaction with gypsum layers that are present within the Triassic carbonate sequences present in the areas. The slight increase in alkaline metals observed in some samples is due to the incongruent dissolution of silicate minerals, which are ubiquitous in all the studied catchments. (Fig. 7) that compares the composition of sampled waters with three end-members, namely carbonate rocks, evaporates, and acid-silicate rocks, and with the average rainwater composition. Visual inspection of the diagram reveals that nearly all the samples plot between the carbonate and the evaporite end-members. A trend towards the acid silicate rocks end-member is also apparent. These observations are in good agreement with the distribution of the rock types in the study area (Table 4) , and suggest that the sampled waters are a 87 Sr/ 86 Sr Vs Sr/Na molar ratio for the sampled river waters. The carbonate and silicate end members are taken from pristine French monolithological stream data (corrected for atmospheric inputs) published by Meybeck (1986) , the rain water end member is taken from Roy et al. (1999) , and the evaporite end member is based on two headwater samples of the Chang Jiang Tibetan river (Noh et al., 2009 ).
highly representative of the water-rock interactions in the Alpine catchments.
Representativity of the geochemical dataset
The chemical composition of each sample analysed in this work represent the composition of a specific river at the date of sampling. In order to check the representativity of our dataset, our analyses have been compared to the available literature data. Considering that Eqs. (7) and (8) used for the computation of the fluxes request the concentrations of Ca, Mg, Na, and K, the concentrations of major cations analysed in this study have been compared to the mean values and standard deviations, σ, of literature data for the following rivers: Adige, Rhone, Rhine, Tagliamento, Livenza, Po, Isonzo and Ticino (Fig. 8 -Stefanini, 1976 The diagrams of Fig. 8 clearly show that almost all of our data fall in the ±1σ interval (they are all comprised in the ±2σ interval) and the average values of the two campaigns are very close to the mean values of literature data (differences are limited to few concentration units).
On average the differences (in %) between the mean concentrations of our data and the mean values obtained from literature data are: 3.9% for Ca, 13.3% for Mg, 20.8% for Na and 5% for K. The average standard deviation are: σCa = 18.7%, σMg = 24.1%, σNa = 40.8% and σK = 33.1%. These values have been used for the computation of the uncertainty on the CO 2 fluxes computed with Eqs. (7) and (8). 4.3. Solute fluxes, weathering rates, and CO 2 fluxes For each basin, we computed (i) the flux of dissolved solids, expressed as the annual dissolved yield and given by the product of TDS concentration by runoff, (ii) the weathering rate, calculated from the difference between the dissolved solids in the stream outflow and atmospherically/ biologically derived components (assuming chloride to be conservative) multiplied by runoff, and (iii) the total atmospheric/soil CO 2 flux consumed by rock weathering, calculated following the procedure described in Section 3.2.
The results of the mass balance calculations, listed in Table 6 , reveal variable values of the solute flux, weathering rate, and CO 2 flux. The solute flux ranges from 8 × 10 3 to 411 × 10 3 kg km − 2 y − 1 , with an average of 127 × 10 3 ± 29 × 10 3 kg km − 2 y − 1 . It is strongly correlated with F CO2-short , but shows a weak correlation with F CO2-long (Fig. 9) . The weathering rate ranges from 3 × 10 3 to 339 × 10 3 kg km − 2 y − 1 , with an average of 83 × 10 3 ± 16 × 10 3 kg km − 2 y − 1 , and is always lower than the solute flux, because the latter comprises the atmospheric and biologic components.
During the "spring season" the fluxes of CO 2 consumed by rock weathering (F CO2-short ) ranges form 2.60 × 10 4 mol km −2 y −1
(Durance) to 2.03 × 10 6 mol km −2 y −1 (Livenza), with an average of Table 6 Summary of results: F (Ca + Mg)sil , F (Ca + Mg)carb , F (Na + K)sil are respectively the flux of (Ca + Mg) deriving from silicate weathering, the flux of (Ca + Mg) deriving from carbonate weathering and the flux of (Na + K) deriving from silicate weathering. F CO2-short and F CO2-long are the fluxes of atmospheric CO 2 consumed by chemical weathering considering, respectively, the short term and the long term carbon cycle. In the same table are also reported the values of flow rate, runoff, solute flux and chemical weathering.
Basin ID and name
Water sample , and the total amount of CO 2 consumed by short-term weathering is 9.42 × 10 10 ± 1.88 × 10 10 mol y −1 . If we consider the long-term carbon cycle, the net amount of atmospheric CO 2 fixed by weathering is more than one order of magnitude lower, with a mean value of .
Discussion
For most of the considered basins, the CO 2 consumed by weathering is slightly higher in the winter than in the spring, but the variations are limited. Conversely, the differences observed comparing different basins are large, with the values of F CO2-short ranging over two orders of magnitude, and the values of F CO2-long ranging over five orders of magnitude.
The comparison between the F CO2-long and the F CO2-short values indicates that the CO 2 removed from the atmosphere/soil system in the long-term (N 1 Ma) is significantly smaller than the CO 2 consumed by weathering in the short-term. On average, F CO2-long is 4.8% of F CO2-short . This indicates that N 95% of the CO 2 consumed by chemical weathering is returned to the atmosphere within 1 Ma. However, it is necessary to consider that the assumptions made for the calculation of F CO2-long give a minimum estimate for the long-term atmospheric CO 2 removal.
To search for relationships between F CO2 (both in the short and in the long-term) and the potential controlling factors, we considered the variables runoff, precipitation, temperature, elevation, and lithology, and we searched for possible correlations between the variables calculating the sample Pearson product-moment correlation coefficient (r) and the Spearman's rank correlation coefficient (r s ) for each pair of variables (Pearson, 1895; Spearman, 1904) . Results are listed in Table 7 . F CO2-short is characterized by a strong correlation with runoff (r = 0.857; r s = 0.883), no significant correlations with precipitation, temperature and elevation, a weak positive correlation with the percentage of carbonate rocks cropping out in the basin, and a weak negative correlation with the percentage of silicates. F CO2-long exhibits a moderate correlation with runoff (r = 0.415; r s = 0.436), no correlation with precipitation, temperature and elevation, weak correlations with the lithological types i.e., negative correlations with carbonates, and positive correlations with silicates. Fig. 10 shows the correlation between F CO2 and Runoff considering (a) the short-term carbon cycle and (b) the long-term carbon cycle.
To search for a functional relation linking the controlling factors and the F CO2 values, we performed a multiple regression analysis considering as independent (explanatory) variables only the potential controlling factors that in the correlation analysis showed some degree of correlation with the CO 2 flux (Table 7) , that is runoff and the percentages of carbonates, Na-K silicates, and Ca-Mg silicates. We obtained two regression equations, for the short-term and the long-term CO 2 flux. The equations are , X 2 , X 3 and X 4 are the percentages of carbonates, Na-K silicates, and Ca-Mg silicates cropping out in each basin, respectively, while rss is the regression sum of square.
The results of the multiple regression modelling reveals a very good correlation between the values of F CO2-short computed from the multiple regression on controlling factors and the values derived from the application of the geochemical model (Fig. 11a) . This suggests that in the Alps the main factor controlling the CO 2 consumption is runoff, and to a lesser extent lithology. The average value of ), and it's a further confirmation of the reliability of our data, considering that the two models are based on two independent sets of runoff data. The clear correlation between F CO2-short and runoff is in a good agreement with Kump et al. (2000) , and indicates an important dependence of chemical erosion rates and CO 2 fluxes on the intensity of the hydrological cycle.
On the contrary, as expected from the correlation analysis, the values of F CO2-long obtained by the regression model do not correlate well with the values obtained by the geochemical model (Fig. 11b) . Considering the good correlation of F CO2-short with the controlling factors, we computed from Eq. (12) the values of the short-term CO 2 flux on a regular 50 km × 50 km grid covering the whole study area (223,613 km 2 ), basing on average runoff values, and we prepared a map showing the average CO 2 consumption in the Alps (Fig. 12) . The map, computed using the Sequential Gaussian Simulation method (Deutsch and Journel, 1988; Cardellini et al., 2003) , reveals two areas with high CO 2 consumption rates in the Alps: (i) a large area in the central-western Alps, including the Aare, Reuss, Ticino, and part of the Rhone, Isere, Linth and Rhine River basins, and (ii) an areas in eastern Alps encompassing the Livenza, Isonzo, and Tagliamento River basins. In the same map (Fig. 12) , we show the values obtained using the geochemical model. It is noteworthy their good spatial correlation with the F CO2-short values obtained by the regression model.
Conclusions
Estimation of CO 2 consumption in the Alps is a good proxy for present day global CO 2 consumption at mid latitudes, because lithology in the Alps approximates the average composition of the continental crust, and climate in the region is relatively stable compared to other regions at similar latitudes where extreme climatic events are more frequent.
The Alps are characterized by chemical weathering rates ranging over two orders of magnitude, with an average value of 83 × 10 3 ± 16 × 10 3 kg km − 2 y − 1 . Considering the entire region, the chemical weathering process removes from the atmosphere/soil system 9.42 × 10 10 ± 1.88 × 10 10 mol y −1 of CO 2 , corresponding to an average CO 2 flux per unit area of 5.03 × 10 5 ± 1.00 × 10 5 mol km −2 y −1
. The value is higher, but of the same order of magnitude of the world average CO 2 consumed by weathering (2.46 × 10 5 mol km − 2 y − 1 - Probst et al., 1994) . Our estimates are consistent with previous estimations in river basins with similar climatic conditions and latitudes, including the Garonne River, where a CO 2 consumption of 2.24 × 10 5 mo km − 2 y − 1 was estimated using a similar approach (Amiotte-Suchet and Probst, 1993a), and a consumption in the range 1.13 × 10 5 mol km − 2 y − 1 (Semhi et al., 1993) to 4.41 × 10 5 mol km − 2 y − 1 (Etchanchu and Probst, 1988) was estimated on the basis of HCO 3 − river fluxes measurements.
Only a small part of the CO 2 removed from the atmosphere/soil system is stored in the solid Earth system for a long-term (N 1 Ma). According to our calculations, more than 95% of the CO 2 consumed by chemical weathering is returned to the atmosphere within one million year, and the long-term CO 2 flux (F CO2-long ) is about 5% of the short-term CO 2 flux (F CO2-short ). However, the F CO2-long value must be considered just a rough (probably minimum) estimation of the actual value, because it was computed assuming that alkaline metals deriving from rock weathering are rapidly involved in the process of reverse weathering; and there are still large uncertainties on the magnitude and significance of reverse weathering process, carbonate dissolution driven by sulphide oxidation, hydrothermal alteration reactions in the ocean.
Determining what are the most important environmental and/or geologic factors affecting the extent of chemical weathering and CO 2 consumption remains debated. Several works assert the pre-eminence of climatic factors, primarily temperature (e.g., Berner, 1994) , but some case studies underscore the primary importance of bedrock lithology and other geologic factors in chemical weathering (e.g., Edmond and Huh, 1997) .
In our study, the analysis of the controlling factors exhibits a correlation between F CO2-short weathering rates and runoff, indicating an important dependence of CO 2 consumption on the intensity of the hydrological cycle, but also an indirect dependence on some geologic factors. In fact, runoff is given by the difference between precipitation, evaporation-transpiration (dependent on temperature), and infiltration, which depends on soil type, thickness, composition, permeability, and the degree of fracturing state of the parent bedrock.
On the contrary, the correlations of F CO2-long with runoff and other controlling factors were weak or absent, because the main factors affecting F CO2-long are external to the studied system (carbonate precipitation and eventually reverse weathering occur in the oceans).
The primary role of runoff as weathering controlling factor is in good agreement with previous findings by Amiotte-Suchet and Probst (1993b Probst ( ), (1995 and Kump et al. (2000) . Depending both on climatic and geologic variables, runoff acts as a "summing factor", at least in climatically homogeneous regions like the Alps, and its role in modelling the short-term carbon cycle and climate should be carefully considered.
